Aims/hypothesis High-energy breakfast and reduced-energy dinner (Bdiet) significantly reduces postprandial glycaemia in obese non-diabetic individuals. Our objective was to test whether this meal schedule reduces postprandial hyperglycaemia (PPHG) in patients with type 2 diabetes by enhancing incretin and insulin levels when compared with high-energy dinner and reduced-energy breakfast (Ddiet). Methods In a randomised, open label, crossover design performed in a clinic setting, 18 individuals (aged 30-70 years with BMI 22-35 kg/m 2 ) with type 2 diabetes (<10 years duration) treated with metformin and/or diet were given either Bdiet or Ddiet for 7 days. Participants were randomised by a person not involved in the study using a coin flip. Postprandial levels of plasma glucose, insulin, C-peptide and intact and total glucagon-like peptide-1 (iGLP-1 and tGLP-1) were assessed. The Bdiet included 2,946 kJ breakfast, 2,523 kJ lunch and 858 kJ dinner. The Ddiet comprised 858 kJ breakfast, 2,523 kJ lunch and 2,946 kJ dinner. Results Twenty-two individuals were randomised and 18 analysed. The AUC for glucose (AUC glucose ) throughout the day was 20% lower, whereas AUC insulin , AUC C-peptide and AUC tGLP-1 were 20% higher for the Bdiet than the Ddiet. Glucose AUC 0-180min and its peak were both lower by 24%, whereas insulin AUC 0-180min was 11% higher after the Bdiet than the Ddiet. This was accompanied by 30% higher tGLP-1 and 16% higher iGLP-1 levels. Despite the diets being isoenergetic, lunch resulted in lower glucose (by 21-25%) and higher insulin (by 23%) with the Bdiet vs Ddiet. Conclusions/interpretation High energy intake at breakfast is associated with significant reduction in overall PPHG in diabetic patients over the entire day. This dietary adjustment may have a therapeutic advantage for the achievement of optimal metabolic control and may have the potential for being preventive for cardiovascular and other complications of type 2 diabetes. Trial registration ClinicalTrials.gov NCT01977833 Funding No specific funding was received for the study.
Introduction
Postprandial hyperglycaemia (PPHG) contributes 31-70% to HbA 1c values [1] and is strongly associated with increased cardiovascular risk in type 2 diabetes [2, 3] . Therefore, postprandial glycaemia is an important treatment target in type 2 diabetes. Post-meal glycaemia displays a clear circadian pattern with a more prolonged and higher response to an identical meal in the evening vs the morning [4] [5] [6] [7] [8] . This is achieved in part by the circadian secretion and activity of enzymes and hormones involved in the regulation of postprandial glycaemia [9] [10] [11] [12] [13] . Indeed, the circadian clock controls glucagon-like peptide 1 (GLP-1) secretion in intestinal L cells [9] , insulin secretion in beta cells [14, 15] , hepatic insulin extraction [7] and insulin-dependent glucose transporter GLUT 4 expression in skeletal muscle [10, 13] .
While the master clock is entrained to the light-dark cycles [16] , meal timing and feeding schedules exert strong entraining effects on peripheral oscillators maintaining the internal synchrony of most metabolic processes [17, 18] . Studies in animals and humans have shown that altered meal timing, such as skipping breakfast or high energy intake at dinner, are associated with disrupted clock gene expression, increased lipogenesis, higher HbA 1c and poor glycaemic control [4, [19] [20] [21] [22] . In contrast, high-energy breakfast with no dinner or time-restricted feeding reversed the impaired clock gene expression, resulting in decreased plasma glucose and triacylglycerol levels and reduced body weight in animal models of obesity and type 2 diabetes [12, 22, 23] . The different effects of meals during the day may therefore be modulated by different energy loads to achieve optimal glucose homeostasis. However, the effect of different meal timing schedules on overall incretin, insulin and glycaemic excursion during the entire day has not been previously explored in individuals with type 2 diabetes. In this study, we assessed the differential influence of two isoenergetic diets with different meal timing schedules on PPHG over the entire day and the corresponding changes in insulin and incretin hormones in patients with type 2 diabetes. The two dietary schedules were as follows: one with high-energy breakfast and lower-energy dinner (Bdiet) and the other with high-energy dinner and lower-energy breakfast (Ddiet).
Methods
Participants The study population initially included 22 individuals who had type 2 diabetes for less than 10 years and an HbA 1c level of 7-9% (53-75 mmol/mol) on recruitment (Table 1) . Individuals aged 30-70 years with BMI 22-35 kg/m 2 were included. None of the participants had impaired thyroid, renal or liver function, pulmonary disease, psychiatric, immunological or neoplastic diseases or severe diabetic complications, such as cardiovascular disease, cerebrovascular disease, proliferative diabetic retinopathy or gastroparesis and none had undergone bariatric surgery. All participants were insulin-naive and patients taking oral hypoglycaemic agents other than metformin were excluded. Those on GLP-1 analogues or anorectic drugs or those on steroid treatment were not allowed to participate. The Helsinki Committee of the Wolfson Medical Center in Holon, Israel approved the study. All the participants gave their informed consent. The study was registered at ClinicalTrials.gov (NCT01977833).
Study design This was a randomised, open-label, crossoverwithin-subject clinical trial. Participants were randomised by a person not involved in the study using a coin flip. We performed two separate testing days each over the course of 14 h. Test meals were provided in the clinic as breakfast, lunch and dinner with energy and composition according to the assigned diet schedule ( Table 2 ). The participants consumed their meals within 15 min, with breakfast at 08:00 hours, lunch at 13:00 hours and dinner at 19:00 hours. The diet during both testing days provided a total daily energy intake of 6,276± 105 kJ (23% fat, 46% carbohydrates, 31% protein) with identical macronutrient content and composition, but different meal timing distribution. The two meal timing schedules were either breakfast diet (Bdiet) or dinner diet (Ddiet). The Bdiet consisted of a large breakfast (2,946 kJ; 22% fat, 47% carbohydrates, 31% protein), a medium-sized lunch (2,523 kJ; 23% fat, 50% carbohydrates, 27% protein) and a small dinner (858 kJ; 30% fat, 27% carbohydrates, 43% protein). This was reversed in the Ddiet (858 kJ breakfast, 2,523 kJ lunch and 2,946 kJ dinner). Participants followed the Bdiet and Ddiet meal plans for 6 days at home prior to the intervention day to prevent the pre-study meal pattern from influencing the results. Participants were also asked to avoid alcohol and excessive physical activity 6 days before each test day. Participants ingested their last oral therapy 24 h before the test day. Following a washout period of 2 weeks, the same procedure was repeated on the second test day, with each participant now crossed over to the opposite diet schedule. Meal challenges On the day of the meal challenge, each participant reported to the laboratory at 07:00 hours after an overnight fast. Participants were asked not to take glucoselowering medication during the test days and were instructed to keep dietary logs. A dietitian reviewed these logs on the day of the meal tests and only those who had 80% adherence to the diet participated in the meal tests. Anthropometric data were collected in the morning and each group consumed their assigned meal plan: breakfast at 08:00 hours, lunch at 13:00 hours and dinner at 19:00 hours. At 07:30 hours, a catheter was placed in the antecubital vein of the nondominant arm and remained in place until 22:00 hours. Venous blood samples were collected just before breakfast (t=0 min) and at 15, 30, 60, 90, 120, 150 and 180 min after eating commenced. Blood sampling was repeated at the same time points after lunch and dinner. The primary outcome was to assess the overall postprandial GLP-1 levels in both meal schedules. The secondary outcome was to assess the overall postprandial glycaemia. Other outcomes were to assess the overall postprandial response of plasma insulin and C-peptide in both meal schedules.
Biochemical and hormonal blood analyses Plasma glucose was immediately analysed on an Olympus AU 2700 analyser (Beckman Coulter, Brea, CA, USA). Serum and plasma EDTA tubes for insulin and C-peptide were left on ice to rest for approximately 30 min. Blood samples for determining iGLP-1 and tGLP-1 were collected into chilled tubes containing EDTA, aprotinin and diprotin A (0.1 mmol/l). Samples were centrifuged immediately at 2,000g at 4°C for 10 min and stored at −80°C. Insulin and C-peptide were determined by electrochemiluminescence using a Cobas 601 Roche Diagnostic analyser (Madison, WI, USA) according to the manufacturer's instructions. Plasma tGLP-1 and iGLP-1 were quantified using ELISA (Millipore, Billerica, MA, USA).
Sample size and power analysis Power analysis revealed that a sample size of 18 participants (18 in each treatment group; Bdiet and Ddiet) is required to provide 80% power to detect 5% difference between groups in overall postprandial plasma AUC for iGLP-1, insulin and glucose assessed after three meals in each diet intervention. To allow discontinuation during the course of the study, 22 participants were recruited.
Statistical analyses
The results are expressed as mean±SEM.
For time series, a two-way ANOVA (time×diet) was performed and a least-significant difference t test post hoc analysis was used for comparison between the diets at each time point. Means comparisons were made using the CI of the estimators. AUCs were calculated using the trapezoidal rule. A Student's t test for paired data was used for comparing the AUC at different time intervals. In addition, a multivariate ANOVA for repeated measurements was performed to assess between-and within-subject effects for diet and time. A p value ≤0.05 was considered statistically significant. Statistical analysis was performed using SPSS (version 18) software (www14.software.ibm.com/download/data/web/en_ US/trialprograms/W110742E06714B29.html).
Results
Participants Twenty-two individuals from the Wolfson Diabetes Unit outpatient clinic were enrolled into the study (Fig. 1) . The study period from recruitment and including follow-up was December 2013 to April 2014. After completing the first all-meals testing day, four participants dropped out (two from the Bdiet group and two from the Ddiet group), because of difficulties getting to the clinic. Eighteen individuals (eight men, ten women) completed the study. These patients had an average age of 57.8±4.7 years, controlled type 2 diabetes of 9.3±5.0 years duration, HbA 1c values of 7.6± 0.4% (59 ± 2 mmol/mol) and BMI of 28.1 ± 2.9 kg/m 2 ( Table 1) . Eight patients were treated with diet alone, whereas ten were treated with diet and metformin. Five patients had a history of hypertension and were treated with thiazides, angiotensin-converting enzyme inhibitors and/or calcium antagonists.
Plasma glucose and hormonal profiles of Bdiet vs Ddiet group Fasting plasma glucose, insulin, C-peptide, tGLP-1 and iGLP-1 did not differ significantly between the two test days or the groups (Fig. 2) . Integrated AUC glucose after breakfast, lunch and dinner was 20% lower in the Bdiet group than in the Ddiet ( p<0.001, t test) group (Fig. 2) . Integrated AUC insulin , AUC C-peptide and AUC tGLP-1 after breakfast, lunch and dinner were higher by 20% during the Bdiet than during the Ddiet ( p<0.001, t test). Integrated AUC iGLP-1 after breakfast, lunch and dinner was higher by 10% during the Bdiet than during the Ddiet (p<0.001, t test).
Plasma glucose and hormonal profiles after high-energy breakfast vs high-energy dinner After high-energy breakfast, glucose AUC 0-180min and its peak were reduced by 24% compared with the glucose response after high-energy dinner ( p<0.001, t test) ( Table 3 , Fig. 2 ). During the early interval, AUC 0-30min , plasma glucose was lower by 10% after highenergy breakfast vs high-energy dinner ( p<0.006, t test). After reaching their peak, plasma glucose levels decreased rapidly after the high-energy breakfast whereas after the high-energy dinner, plasma glucose persisted and remained significantly higher.
The insulin response to the meal challenge was more rapid and higher after high-energy breakfast compared with highenergy dinner (Table 3 , Fig. 2 ). Insulin AUC 0-180min was 11% higher after high-energy breakfast than after high-energy dinner ( p<0.001, t test) ( Table 3) . During the first 30 min, plasma insulin levels increased more rapidly after high-energy breakfast than after high-energy dinner ( p<0.008, t test). During the late interval, AUC 60-180min , insulin secretion did not differ ( p<0.11) between the meals. After high-energy breakfast, peak insulin secretion occurred at 60 min, 12% higher ( p<0.002, t test) than after high-energy dinner. After highenergy dinner, peak insulin secretion occurred at 120 min. After meal ingestion, patterns of C-peptide levels mirrored those of insulin with a more rapid and higher increase after high-energy breakfast. High-energy breakfast resulted in a higher C-peptide early response and AUC 0-180min , by 17% ( p<0.001, t test) compared with high-energy dinner ( Table 3) .
The AUC 0-180min for tGLP-1 was 29% higher after highenergy breakfast than after high-energy dinner ( p<0.001, t test) ( Table 3 , Fig. 2 ). Plasma tGLP-1 increased rapidly after high-energy breakfast and peaked at 30 min. In contrast, after high-energy dinner, the increase in plasma tGLP-1 was more gradual and peaked at 60 min. Compared with high-energy dinner, the high-energy breakfast resulted in 21% higher tGLP-1 levels ( p<0.001, post hoc t test). The high-energy breakfast elicited 30-35% higher early and late interval for tGLP-1 ( p<0.001, t test). Similarly, iGLP-1 plasma levels peaked at 30 min after high-energy breakfast compared with a peak at 60 min after high-energy dinner. The peak level of iGLP-1 was higher by 16% after high-energy breakfast than after high-energy dinner ( p<0.001, post hoc t test). The AUC 0-180min , as well as the early and late intervals for tGLP-1 and iGLP-1, were 14-35% higher after high-energy breakfast than after high-energy dinner ( p<0.001, t test).
Plasma glucose and hormonal profiles after Bdiet lunch vs Ddiet lunch Glucose AUC 0-180min and its peak were lower by 21-25% after Bdiet lunch vs Ddiet lunch ( p<0.001, t test) ( Table 3 , Fig. 2 ). The glucose early and late interval was lower by 13% and 24%, respectively, after Bdiet lunch than after Ddiet lunch ( p<0.006, t test). Insulin AUC 0-180min was higher by 23% after Bdiet lunch than after Ddiet lunch. In addition, the early prandial insulin AUC 0-30min was higher by almost 50% after Bdiet lunch vs Ddiet lunch ( p<0.001, t test). Insulin reached peak levels 30 min after the Bdiet lunch and 90 min after the Ddiet lunch, with the Bdiet lunch producing higher peak levels ( p<0.001, t test) ( Table 3 , Fig. 2 ). Throughout the 180 min of analysis, C-peptide levels were 30% higher after the Bdiet lunch than after the Ddiet lunch ( p<0.001, t test) and tGLP-1 and iGLP-1 levels were 16-26% higher after the Bdiet lunch than after the Ddiet lunch ( p<0.001, t test). In addition, tGLP-1 and iGLP-1 peaked 30 min earlier after Bdiet lunch compared with Ddiet lunch.
Discussion
In this study, we demonstrate in individuals with type 2 diabetes that a meal schedule of high-energy breakfast and lowenergy dinner (Bdiet) leads to overall increased GLP-1 and insulin levels and to reduced hyperglycaemia throughout the day compared with a reverse meal schedule (Ddiet). Although both diets had an identical day-long energy composition, the difference in timing led to a significant reduction in overall glucose excursions in the Bdiet compared with the Ddiet. In parallel, the integrated AUCs for insulin, C-peptide, iGLP-1 and tGLP-1 secretion were significantly enhanced along the entire day in the Bdiet compared with the Ddiet schedule. These observations suggest that a change in meal timing influences the overall daily rhythm of postprandial insulin, incretin and glycaemic excursions. Our findings showing a significantly reduced overall glycaemia with the Bdiet schedule are consistent with studies in animal models. Impaired peripheral clock gene expression as a result of breakfast skipping or reduced food intake in the first meal of the day along with high-energy dinner, has been associated with increased lipogenesis and higher overall daily glucose excursions, despite no differences in daily total or fat-derived energy [12, 22] . Alternatively, a specific change in the meal timing (i.e. increasing breakfast and reducing dinner energy content) may also restore clock gene expression in obese and diabetic animals, resulting in reduced plasma glucose and triacylglycerol levels and body weight [12, 22] . Recently, it was reported that high-energy breakfast with reduced dinner improved insulin sensitivity and decreased body weight, glucose excursions and HbA 1c among obese and diabetic patients [24] [25] [26] [27] . The omission of breakfast was also associated with increased risk of type 2 diabetes, poor glycaemic control, higher HbA 1c , increased lipogenesis, visceral adiposity and high blood pressure and increased cardiovascular risk despite the same daily energy intake in individuals with type 2 diabetes [20, 21] . Although this study investigated the acute effect of meals, long-term interventions should determine whether adhering to this diet would successfully lower HbA 1c levels. This issue was addressed in our previous study, in which eating a large breakfast each day for 3 months led to a 5% reduction in HbA 1c levels [27] . Thus, meal timing schedule may be a crucial factor in the improvement of glucose balance and prevention of complications in type 2 diabetes and lends further support to the role of the circadian system in metabolic regulation.
The postprandial glucose response after the high-energy breakfast was significantly lower than after the low-energy breakfast, and decreased rapidly after the peak at 30 min. In contrast, the plasma glucose after high-energy dinner peaked higher than after the low-energy dinner, and remained elevated until the end of the postprandial response. Decline in carbohydrate tolerance toward the evening, with more prolonged and higher postprandial glycaemic response to identical meals in the evening than in the morning has been shown in healthy individuals and those with type 2 diabetes [4] [5] [6] [7] [8] . Notably, the 2 h post-meal glycaemia was significantly lower after the high-energy breakfast than after the high-energy dinner, and was below the upper limit (10 mmol/l) of 2 h post-meal glycaemia recommended in the recent ADA guidelines for the prevention of cardiovascular events in patients with type 2 diabetes. In parallel, significantly higher insulin and C-peptide responses were observed after the high-energy breakfast than after the high-energy dinner. This greater and more rapid early prandial insulin secretion after the highenergy breakfast has further importance since in type 2 diabetes the deficiency of early prandial insulin is the major contributor to postprandial hyperglycaemia and cardiovascular risk [2, 3] . The mechanism of better glucose tolerance after high-energy breakfast than after an identical dinner may be in part the result of clock regulation that triggers higher beta cell responsiveness in the morning, lower hepatic insulin extraction after breakfast than after dinner [7] and the increase in insulin-mediated muscle glucose uptake in the morning [7, 10] . Thus, the assignment of major energy load at breakfast, when beta cell responsiveness and insulin-mediated muscle glucose uptake are at optimal levels, seems an adequate strategy to decrease PPHG in patients with type 2 diabetes. The contribution to our results made by different clearance of insulin cannot be excluded, although ratios of insulin to C-peptide (a rough estimate of hepatic extraction) did not differ between the diets.
The early prandial increase in GLP-1 during the first 30 min after high-energy breakfast coincided with the early prandial insulin response. These results are supported by previous findings in which AUC30 iGLP-1 correlated significantly with AUC30 insulin [6] . This suggests that the more rapid and higher early insulin response after the high-energy breakfast may be a result of a more rapid early prandial GLP-1 level, which mediates the potentiation of beta cell function. Recently, the circadian rhythm of GLP-1 secretory responses was shown in animals, with increased release after the first meal at the beginning of the normal feeding period and this profile was correlated with insulin secretion [9] . Moreover, when this first meal was omitted, both GLP-1 and insulin rhythms were completely inverted along with disruption of clock gene expression. Collectively, these results indicate that the peripheral clock in intestinal L cells, which drives the circadian expression of GLP-1, can be modulated by different meal timing.
Glucose excursions were reduced after lunch preceded by high-energy breakfast (Bdiet) compared with after an identical lunch preceded by low-energy breakfast (Ddiet). This reduced glucose response was associated with rapid and significantly enhanced insulin, tGLP-1 and iGLP-1 responses. This secondmeal phenomenon suggests that by changing meal timing schedule, it is possible to enhance the incretin and insulinotropic effects, achieving significant reduction in PPHG through the day in patients with type 2 diabetes. Several theories have been suggested to explain the second-meal phenomenon in type 2 diabetes, including differences in the amount and the pattern of insulin secretion, augmentation of beta cell function and increased incretin response [26, 28] . The high GLP-1 response to lunch after high-energy breakfast suggests that incretin hormones may play an important role in the second-meal phenomenon. Indeed, this phenomenon was absent after a repeated intravenous glucose tolerance test [29] , but not after a meal tolerance test [26, 30, 31] .
One limitation of our study is that the macronutrient composition varied according to the time of day. Thus, some of the results may also be due to the timing of macronutrient ingestion. Another limitation is that a group of healthy individuals was not included. Although we show the effect of two different meal timing schedules on the overall hyperglycaemia and on the potentiation of insulin and incretin secretion throughout the day and the effect of second-meal phenomenon in diabetic individuals, we cannot determine whether these effects also occur in healthy people. In addition, insulin sensitivity, suppression of endogenous glucose production and gastric emptying were not examined.
In conclusion, the results of this study support a role for diurnal regulation in glycaemic control in patients with type 2 diabetes. We demonstrated that a larger percentage of daily energy consumed at breakfast is associated with significant reduction in overall PPHG in patients with type 2 diabetes. The findings also suggest the possibility of applying the second-meal phenomenon as a way of reducing postprandial glucose excursion, especially at lunch. This, along with the benefits of the Bdiet schedule in reducing overall hyperglycaemia, may have a therapeutic advantage for the achievement of optimal metabolic control and may prevent cardiovascular and other complications of type 2 diabetes.
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